In this paper, we study a stable optomechanical system based on a nanoparticle chain coupled to a waveguide mode. Under the plane wave excitation the nanoparticles form a stable self-organized periodic chain array along the direction of the waveguide through the transverse binding effect. We show that owing to the long-range interaction between the nanoparticles the trapping potential for each nanoparticle in the chain increases linearly with the system size making the formation of long chain more favourable. We propose that this effect can be observed with an optical nanofiber which is a versatile platform for achieveing optical binding of atoms and nanoparticles. Our calculations show that binding energy for two nanoparticles is in the range of 9 ÷ 13 reaching the value of 100 when the size of the chain is increased to 20 nanoparticles that makes potential experimental observation of the effect possible. We also suggest the geometry of the two counter propagating plane waves excitation, which will allow trapping the nanoparticles close to the optical nanofiber providing efficient interaction between the nanoparticles and the nanofiber.
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Introduction.
The optical manipulation provides unique opportunities for controlling micro and nanoobjects at the remarkable level of precision, which has find applications in nanophysics 1 , biochemistry 2 and biology 3 , and allows testing the fundamental limits of quantum physics 4 . One of the main applications of optomechanics is related to manipulation of large atomic and particles ensembles providing a reliable platform for studying many-body physics. By modulating the spatial distribution of the optical fields, one can form twodimensional 5, 6 and three-dimensional 1,7,8 trapping potential for ultracold atoms and nanoparticles in the freespace. An alternative method of structuring the large ensembles bases on the self-assembly approach 9 . The rescattering of the optical fields by the trapped objects results in effective dipole-dipole interaction which can lead to structurizing of the large ensembles. The weak optical interactions can be enhanced and modified with auxiliary photonic structures such as metamaterials 10 and metausurfaces 11 , plasmonic structures 12,13 , as well as dielectric nanofibers 14 . The latter one presents a versatile platform 15 for studying light interaction with nanoparticles 16, 17 and atoms 18, 19 placed close to its surface. Utilization of a single mode long-range dipoledipole interactions provided by waveguiding systems has already been suggested for self-organization of atoms and nanoparticles in waveguiding systems [20] [21] [22] . In this paper, we predict a novel feature of a waveguide driven selfassembled nanoparticle systems, which manifests itself in the deepening of the trapping potential for each nanoparticle with the increase of the number of particles trapped in the system. Thus, increasing the system's size results in its higher optomechanical stability, ensuring that the self-assembled system will be as large as possible.
We propose a particular geometry of nanoparticle chain placed close to the nanofiber and illuminated by a plane wave propagating in the free space perpendicularly to the fiber axis as it is shown in Fig.1 . Such geometry alt r a p p i n g p o t e n t i a l lows to take the advantage of the transverse optical binding effect 23, 24 . The binding occurs due to the interference of the fields scattered by the nanoparticles, and it has been applied for self-organization of nanoparticle ensembles under the external laser illumination [25] [26] [27] , including the interference of surface plasmon polariton modes 28 . In our work, the nanofiber modes allow for accumulation of long-range interactions between distant nanoparticles, which results in the increasing particles stiffness with the growth of the nanoparticle chain length. Moreover, in the particular geometry of nanofiber binding, we also suggest a method for trapping the nanoparticles in the radial direction close to the fiber surface by using two counter propagating plane waves and taking the advantage of nanofiber focusing effect 29 . Thus, we suggest the geometry of the system that allows for immediate testing of the reported effect within the particular experimental setup with use of an optical nanofiber. Single-mode nanoparticle binding. The force acting on a single dipole particle and averaged over the period of the incident wave is given by 30 
, where the sum is taken over the Cartesian components of the dipole moment p and local field E . The latter one contains the incident plane wave field E inc , the field scattered by the nanofiber E sc , and the field scattered by other nanoparticles E . The dipole moment of -th particle then will be defined through the local field strength p = 0 E loc (r ) = 0 (E 0 (r ) + E (r )), where we defined E 0 = E inc + E sc as the external field, and 0 is the exact dipole polarizability given by the Mie theory 31 . The dipole field E is the field generated by other nanoparticles and can be expressed via Green's function formalism. For instance, the field generated by the -th particle at the positions of -th particle has the form E , = 2 0 / 0Ĝ (r , r )p , whereĜ =Ĝ 0 +Ĝ s is the total Green's tensor which consists of two parts: freespaceĜ 0 and scatteredĜ s , which appears du to the presence of the nanofiber (see Appendix A). Here 0 is the vacuum wavenumber and 0 is the vacuum permittivity.
Binding of nanoparticles with a single-mode nanofiber. The size of nanofiber can be chosen in such that it supports only a single guiding HE 11 mode 32 (SM-single mode regime). In this case one can expect almost periodicity in the interaction strength between the nanoparticles with the interparticle distance Δ . Indeed, in Fig. 2 a) the optical force between two nanoparticles positioned close to the nanofiber is shown as a function of the distance between the particles. The contributions of vacuum and nanofiber interaction channels are extracted by proper choosing the Green's function. One can see that the force has a well-pronounced periodic character, which allows forming of a stable configuration of nanoparticle chain consisting of arbitrary number of particles 21, 33 . In a single mode regime the Green's function (A10) of the waveguide can be reduced toĜ
is purely imaginary at the origin for any waveguiding mode 34 . Here, we neglect the contribution of leaky and evanescent modes 32 as they decay significantly at long distances. In the field of a plane wave incident normally to the nanofiber and polarized along the -axis (TM polarized) as shown in Fig. 1 the dipole moments will be aligned preferably along the nanofiber axis, thus, having dominant -component of the dipole moment p ≈ n = n eff, 0, , (see Appendix B for the details). TM excitation allows to suppress the vacuum interaction channel as the dipole emission along the nanofiber axis is weak. The force acting on a particle with number can be estimated as:
Here is the total number of particles in the chain, and we introduced the coupling constant ( ) = wg s, ( , ; , )/ 0 , which depends only on the radial distance to the nanoparticle center in the geometry shown in Fig. 1 . The system within the considered approximations has a stable equidistant configuration where separation between the neighboring nanoparticles is constant 33 . In order to find it, one needs also to estimate the stiffness parameter , which determines the strength of the restoring force = − ( − 0 ) acting on a single particle close to the equilibrium position 0 . This approach is valid as non-conservative part of the binding optical force is negligible. The stable configuration of nanoparticles is observed if the separation distance between the neighbouring nanoparticles satisfies two conditions: (i)
> 0 for all particles. Here = Δ is the distance parameter and Δ is the distance between the neighbouring nanoparticles. After taking the sum in Eq. (1), the first condition provides us with the expression for the equidistant solution /2 = /2 + ℓ, where ℓ is an integer.
The stiffness of the -th trap = − in the chain of particles can be estimated as follows:
and the summation is taken in order to account for the interaction with all nanoparticles in the chain. The stability condition requires that should be positive for any particle in the chain. The analytical solution of the algebraic system shows that there exists a set of stable configurations. The fundamental solution with the smalles value of the interparticle distance corresponds to ℓ = − 1 and has the distance parameter 21 1 = 2 − / (see blue line in Fig. 2 b) ). Moreover, the stiffness parameter = ( ) is the same for any particle in the chain and increases with the growth of total number of particles in the chain as ( ) ∼ cot( /2 ), which for ≫ 1 provides the linear increase of the stiffness ( ) ∼ as shown in Fig. 2 c) . Other stable equidistant configurations correspond to other values of ℓ and have larger distance parameter = 2 +(ℓ− ) / , ℓ = − 1, − 2 . . . and ≥ /2, as shown in Fig. 2 b) for ℓ = − 2, − 3, − 4. The values for these solutions also demonstrate the linear growth with , however, with a smaller slope than for ℓ = − 1 (see Fig. 2  c) ). Stability of trapping. Increase of the stiffness of each nanoparticle's trap basically leads to increased stability of the chain, which can be interpreted in terms of the trapping parameter tr = tr / , where tr is the trapping potential separating the stable and unstable positions of each particle in the chain. It can be expressed as tr ( ) = ( )Δ 2 /2, where Δ ≈ / . The trapping potential for the fundamental configuration for ℓ = −1 then can be estimated in the single mode approximation as follows:
This expression is one of the main results of the paper, showing that the stability of the considered system in- creases linearly with the growth of nanoparticle number in the chain. This basically means that the self-ordering of nanoparticles in the longer chain will be more preferential, and in fact is only limited by the width of the exciting laser beam and light intensity as tr ∼ | | 2 ∼ | 0 | 2 . In order to support our analytical results and estimate the achievable values of trapping potential, we used the full model, describing interacting dielectric nanoparticles placed close to a nanofiber. We took into account the plane wave rescattering on the nanofiber, the nanoparticles self-polarization effect due to the nanofiber presence, as well a nanoparticle cross polarization effects. For the set of parameters close to the experimental ones 35 and summarized in Table 1 , the calculations give us the estimation of the binding parameter for two nanoparticles (2) ≈ 9 at room temperature, which is a promising value for the potential experimental applications. Moreover, according to Fig. 2 in the chain consisting of = 20 nanoparticles in the fundamental configuration one can expect (20) ≈ 110, i.e. the trapping potential can be two-orders of magnitude higher than . Nanoparticle binding in multi-mode regime. With the increase of nanofiber radius the number of the waveguide modes starts to rapidly increase which significantly changes the picture of nanoparticles interaction. The coupling constants of each mode are depicted in Fig. 3  (a) . One can see that the higher modes give the bigger contribution to the coupling constant as their field penetration outside the waveguide is stronger. The simultaneous excitation of different modes provides aperiodic interaction potential between two particles. Our computational model allows for a full modelling of multimode (MM) interaction between the nanoparticles, and the computed optical binding force is shown in Fig. 3 (b) for the parameters specified in Table I . Our estimations of the the trapping parameter for MM regime give the value of MM tr (2) ≈ 13 for the room temperature, which is higher than in a single mode regime due to larger number of modes and their stronger field penetration outside the waveguide 36 . Despite the aperiodic interaction, one still can expect the effect of self-induced organization of nanoparticles via transverse binding. In the MM regime Eq. (2) will gain another sum over many interaction channels corresponding to different waveguide modes:
where = HE11 , TM01 , ... are the propagation constants of the allowed modes (see the dispersion curve in Fig. 6 in Supplementary materials), and defines the number of the allowed waveguide modes. The stable configuration of the nanoparticle chain can be found through the maximization of (4). We applied a numerical optimization algorithm with proper constrains ( > 0, , = 0 for any ) to identify the nanoparticles configuration and the stiffness of the trap. The optimization procedure started by a configuration of ordered chain separated with the distance Δ max = 4 − / , where max is the propagation constant corresponding to the dominant mode among all the excited ones (HE 21 and HE 41 for = 500 nm and = 1000 nm respectively). The final result after optimization procedure is the average stiffness ⟨ ⟩ and corresponding noramlized trapping parameter presented in Fig. 3 c) . One can see that the system demonstrates the stable configuration, which averaged trapping parameter increases linearly with the size = 1000 nm. On the inset plot there is the force decomposition to optical force and van-der-Vaals force. For the two selected radii we have SM = 45 nm and MM = 50 nm equilibrium distances. Other parameters are specified in Table I. similar to the SM case. Radial and azimuthal binding of nanoparticles. Finally, it is worth speculating about the potential mechanisms of trapping of the nanoparticles close to the nanofiber surface. Illumination of the nanofiber by a plane wave forms an interference pattern in the vicinity of the nanofiber 29 , which can act as a trapping potential for nanoparticles. However, a single beam illumination also provides a strong optical pressure force acting on nanoparticles, which prevents effective trapping in the radial direction. We suggest a geometry with two counter propagating interfering beams fully compensating the optical pressure force and enabling strong binding of nanoparticles close to the nanofiber surface. The formed potential trap provides both radial and azimuthal stability of the nanoparticles. In Fig 4 a) the field intensity distribution normalized by the intensity of the plane wave is shown around the SM and MM nanofibers providing stability of nanoparticles in the trap in the transverse direction along the -axis. The trapping parameter cross section is depicted Fig. 4 (b) demonstrating the values of 50 and 100 for SM and MM nanofiber, respectively.
The radial stability of the particles is studied in Fig. 4  (c) , where the radial force acting on the particle is shown as a function of the gap between fiber and particle surface and fiber radius f . Total radial force also includes the contribution from the van-der-Waals attractive force 37 
F
vdW , along with the electromagnetic force F em . The white regions in the 2D map correspond to the regions of zero optical force and, thus, the regions of radially stable configurations where the force changes sign from positive to negative with the increase of the gap. The two dashed lines denote the SM and MM nanofiber radiuses. In Fig. 4 (c) inset the cross section of the total radial force is shown for SM regime, showing that a stable point at the gap distance of 45 nm can be achieved. Finally, one should note that by adding a phase difference between the up-and down-propagating interfering beams one can gradually modify the radial trapping potential and finely tune the position of the radially stable points (see Appendix D).
Conclusions. In this work, we proposed that an optomechanical systems coupled through a waveguide mode can demonstrate stable configurations, which stability will be increased with growth of the particles number in the system. This counterintuitive result is provided by a one-dimensional character of the interaction meaning that under stochastic self-assembly process formation of larger systems will be preferable to the appearance of smaller ones. We theoretically predict that a nanoparticle chain located close to an optical nanofiber can demonstrate the transverse optical binding effect with the trapping potential for two dipole nanoparticles being one order of magnitude higher than a thermal energy at ambient conditions. Moreover, in the case of longer chains the trapping potential can be increases with the number of particle, reaching a value of 110 for nanoparticles chain consisting of 20 particles. We also propose an excitation geometry based on two counter-propagating beams, in which one can achieve stable radial and azimuthal trapping, which will form a two-dimensional potential locating the nanoparticles chain close to nanofiber, and making the proposed effect potentially observable in the experiment. Finally, the result of our paper can be extended to other self-organized one-and two-dimensional systems, where the stability of the systems will grow with its size.
here 0 (r, r ′ , ) = |r−r ′ | /4 |r − r ′ | is the Green's function of the scalar Helmholtz equation.
The scattering term can be calculated via the integral representation of the homogeneous part. To obtain this representation we apply the method of vectorial wave function (VWF) explained in details in Ref.
38,39 , here we cover only the basic ideas and provide the final expressions. To find the solution of the vector Helmholtz equation (A1) we introduce the scalar Helmholts equation and the solution of this equation in the cylindrical coordinates: 
where e z is the so-called pilot vector, the unit vector pointing in the direction. These VWFs M n ( , r), N n ( , r) correspond to / modes of the field. One can show 38 that the homogeneous part of the Green's function can be expanded in terms of these vector wavefunction in the following way:
(r − r ′ ) + + 8
and the F ( , r, s) function is given by (1) ( ). Here we provide the explicit form of VWF:
where ( ) ′ means derivative with respect to the dimensionless argument. Now having the integral representation of the homogeneous term of the Green's function, we can construct the scattering term in a similar fashion. Let us denote the medium outside the dielectric cylinder as 1 and the medium inside as 2. The particular form of the Green's tensor depends on the position of a source point r ′ : whether it is inside or outside the cylinder. As soon as we are interested in a situation, when both source and receiver are outside the cylinder and in the latter we consider only the second case. Thus, the total Green's tensor can written as:
here two superscripts denote position of the receiver the source point respectively and the two scattering parts of the Green's tensor has the following form:
,1 ( , r ′ ), . We should notice that unlike the case of the homogeneous term, here we have products of M and N, which is due to the fact that the normal modes in our case have hybrid nature.
The form of the Fresnel coefficients mentioned above can be found by imposing the boundary conditions on the Green's tensor at the surface of the cylinder 
Solving for this, we can find the Fresnel coefficients and, finally, construct the scattering part of the Green's tensor G (r, r ′ , ). We provide the explicit expressions for the Fresnel coefficients below: Total radial force on the particle for the two counterpropagating beams configuration as a function of two parameters: the fiber radius and the gap between fiber surface and particle's surface. Sequence of plots is shown for the various phase shift between two beams are plotted to show how equilibrium trapping distance can be tuned. 
where = √ p , = √ p / √ m and 
1 ( ) = 1 ( ) + 1 ( ),
where 1 and 1 are the spherical Bessel functions of the first and second kind correspondingly.
